A strain of Pseudomonas sp. DG17, capable of degrading crude oil, was immobilized in sodium alginateÀattapulgiteÀcalcium carbonate for biodegradation of crude oil contaminated soil. In this work, proportion of independent variables, the laboratory immobilization parameters, the micromorphology and internal structure of the immobilized granule, as well as the crude oil biodegradation by sodium alginateÀattapulgiteÀcalcium carbonate immobilized cells and sodium alginateÀattapulgite immobilized cells were studied to build the optimal immobilization carrier and granule-forming method. The results showed that the optimal concentrations of sodium alginateÀattapulgiteÀcalcium carbonate and calcium chloride were 2.5%À3.5%, 0.5%À1%, 3%À7% and 2%À4%, respectively. Meanwhile, the optimal bath temperature, embedding cell amount, reaction time and multiplication time were 50À60
Introduction
Bioremediation, the use of microorganisms or microbial processes to degrade environmental contaminants, is considered to be a most cost-effective technique to clean up ground water, soils, lagoons, sludge and process-waste streams.
[1] Once applied, the success of a bioremediation procedure depends on the establishment of microorganisms and on the expression of the necessary degradative genes. [2] However, the use of free cells for the degradation of various toxic compounds has a number of disadvantages like their low mechanical strength, low density of cells and difficulty in biomass effluent separation. [3] In this case, the use of inoculant microorganisms with a carrier material, which should be non-toxic, should have a constant quality and is cost effective, is an attractive option. [4À6] The advantages of immobilized technique include easy separation of the cells from the carrier material, reusability, greater productivity due to high cell concentrations achieved and the protection of cells against harsh environmental conditions.[7À11] For these properties, using immobilized cells improved the biodegradation of petroleum-contaminated soil. [12, 13] Studies have shown that polymer types play a dominant role in determining the properties of the microspheres. Examples of synthetic gels include poly(carbamoyl)sulphonate, polyhydroxyethylmethacrylate (polyHEMA) and polyacrylamideand polyvinyl alcohol (PVA). [14] Microspheres are almost exclusively produced using water-soluble polymers which provide a high degree of permeability for nutrient sand metabolites with a low molecular weight, thus providing optimal conditions for the functioning of immobilized microbial cells. Sometimes, the biodegradability of indigenous microorganisms is unstable, because of the complex soil environment. In this case, the carrier material needs to be studied further. Two categories of hydrogel material, natural and synthetic, are used for cell immobilization. [15] As for the former agar, agarose, polyacrylamides, carrageen and alginate are common examples. [4] AlginateÀchitosanÀalginate was used to immobilize Saccharomyces cerevisiae culture and parameters, such as microcapsules core state, initial cell density, microcapsule diameter and membrane formation times, were monitored. [16] Similarly, calcium alginate beads were used in the immobilization of bacteria culture and immobilization parameters that can influence the viability of bacteria have been optimized, such as alginate concentration, calcium chloride concentration and hardening time of gel beads in calcium chloride. [17] In this work, a new carrier material composed of sodium alginate, attapulgite and calcium carbonate, used to immobilize Pseudomonas sp. DG17, was constructed. The proportions of different components and the construction laboratory parameters, including bath temperature, embedding cell amount, reaction time and multiplication time, were investigated. The results of this study could provide a new cost-effective immobilization carrier material for the bioremediation of petroleum-polluted soil.
Materials and methods
Bacterial and growth condition Pseudomonas sp. DG17 (CGMCC ID: 5052; GenBank ID: JN 216878) was isolated from petroleum-contaminated soils by an enrichment culture technique using crude oil as the sole source of carbon and energy. The culture was maintained at 4 C on crude oil medium and transferred monthly. [18] For cell proliferation, Pseudomonas sp. DG17 was inoculated into LB medium (5% yeast extract, 10% peptone and 5% sodium chloride, pH 7.0) at 10 C for 48 h. For crude oil biodegradation, the mineral salt medium (MSM) contains (per litre) 0. 4 To study the proportion of carrier, a 4 3 design was implemented. As shown in Table 3 , the independent variables studied were sodium alginate, attapulgite, calcium carbonate and calcium chloride. The activity of succinodehydrogenase was tested to assess the immobilized microbial activity. During the experiment, water temperature was controlled at 50 C, the embedding cell amount was 10% (v:v), the reaction time was 24 h and the pre-cultivation time was 48 h.
Laboratory immobilization parameters of Pseudomonas sp. DG17 To study the influence of different parameters on the succinodehydrogenase activity of immobilized Pseudomonas sp. DG17 cells, bath temperature, embedding cell amount, reaction time and multiplication time were varied.
The bath temperature was controlled at 30, 40, 50, 60, 70 and 80 C. The embedding cell amount was 1% (v:v), the reaction time was 24 h and the pre-cultivation time was 48 h. To study the embedding cell amount on the succinodehydrogenase activity of immobilized cells, the initial cell amount was 1%, 2%, 3%, 4% and 5%, respectively. The bath temperature was 50 C, the reaction time was 24 h and the pre-cultivation time was 48 h. The reaction time was 6,12, 18, 24 and 30 h. The bath temperature was 50 C, the embedding cell amount was 4% and the pre-cultivation time was 48 h. The pre-cultivation time was 12, 24, 48, 60 and 72 h. The bath temperature was 50 C, the embedding cell amount was 4% and the reaction time was 24 h.
Scanning electronic microscopy of immobilized granule
Samples of immobilized cells were collected and washed with 0.1 mol L ¡1 phosphate buffer (pH 7.2), fixated with 2.5% glutaraldehyde, washed with 0.1 mol L ¡1 phosphate buffer pH 7.4 and post-fixed in 1% osmium tetroxide for 2 h. After several washes in the same buffer, the cells were dehydrated through a partial ethanol dehydration series (50%, 70%, 85%, 95% and 100% (V:V) ethanol) to preserve the hydrophilic and hydrophobic interfaces. The samples were critical point dried (HCP-2, Hitachi, Tokyo, Japan) and sputter-coated with ion coater instrument (IB-3, Eiko, Japan) in argon atmosphere to an approximate thickness of 10À20 nm, and examined by a scanning electron micrograph (S-4800, Hitachi, Tokyo, Japan).
Crude oil biodegradation by immobilized cells
The flasks contained 10 g of polluted soil. Before the experiment started, immobilized cells of Pseudomonas sp. DG17 and MSM were added into the flasks. After that, the flasks were sealed by sealing membrane and incubated at 10 C. After incubation for 20 days, the soil was freezedried at ¡20
C to remove the water and the residue crude oil in the soil was analysed. The control group that did not contain immobilized cells of DG17 was also examined. Three different samples were conducted simultaneously for standard deviation analysis.
To study the influence of different parameters on the crude oil biodegradation by immobilized cells of Pseudomonas sp. DG17, substrate concentration, immobilized cell amount and different ratio between water and soil were varied according to the experimental design. The crude oil concentrations were 100,600, 58,790 and 1000 mg kg
¡1
. The initial cell amount was 10% and the ratio between water and soil was 2:1. The initial cell amount was 2.5%, 5% and 10%, respectively. The crude oil concentration was controlled at 6000 mg kg ¡1 . The ratio between water and soil was 1:2, 1:2 and 1:3, respectively. The crude oil concentration was controlled at 6000 mg kg ¡1 and the cell amount was 5%.
Cell immobilization
Sodium alginate and attapulgite were both dissolved in distilled water and sterilized by autoclaving at 120 C for 30 min. After the temperature of the solution declined to 40À50 C, calcium carbonate was added into the solution to form embedding medium. For cell proliferation, Pseudomonas sp. DG17 was inoculated into LB medium at 10 C for 48 h. After that, the LB medium that contained the suspended cells of DG17 and embedding medium (1:10, v:v) was transferred into 4% of calcium chloride solution by a constant flow pump to form immobilized granules. Then, the immobilized granules were collected, transferred into flasks containing HCl to remove calcium carbonate, immobilized at 4 C for 24 h and transferred into proliferation medium for 48 h. Finally, the immobilized granules were collected and washed by distilled water for three times.
Analysis methods

Immobilized microorganism relative activity
The succinodehydrogenase activity was considered as a standard to assess the microorganism activity. In the studies, the ratio between the succinodehydrogenase activity of immobilized cells and that of suspended cells was considered to represent the relative activity of the immobilized cells. In this case, cells which were embedded in the carrier should be freed. One millilitre of immobilized cell granule was dissolved in 9 mL of 0.2 mol L ¡1 of sodium citrate solution. After that, 30 uL of the solution was placed into a colorimetric tube, diluted 100 times and 300 uL of 0.1 mol L ¡1 methyl thiazolyl tetrazolium were added. The colorimetric tube was transferred into the water bath warmed and kept at 30 C for two hours. Freed immobilized cells were collected at 10,000 rpm and transferred into 4 mL of dimethyl sulphoxide. Finally, the relative enzyme activity was tested at OD 525 .
Total petroleum hydrocarbon of soil
The total petroleum hydrocarbon (TPH) of soil was tested by accelerated solvent extraction. Ten grams of soil that has been freeze-dried was placed into the extraction pool and extracted by hexane and acetone (1:1, v:v) two times. After that, the liquid in the receiving flask was removed by nitrogen flushing. When the weight of receiving flask did not change any more, the weight of the residual crude oil was recorded as G oil . Meanwhile, the control group that was not supplemented with cells was used for a biotic loss analysis of crude oil, and the crude oil content in the soil was calculated as K oil /K soil . The crude oil content in the soil was calculated as G oil /G soil . The biodegradability of TPH was calculated as (1 ¡ G oil /G soil /(K oil /K soil )).
Results and discussion
Immobilization carrier proportion of Pseudomonas sp. DG17
The optimal content of attapulgite was 0.75% (Figure 1) . Moreover, when the content of attapulgite was higher than 2%, precipitate occurred during the process of forming sodium alginateÀattapulgite gelatin. Meanwhile, when the content of sodium alginate was higher than 4%, the viscosity of sodium alginateÀattapulgite gelatin improved which increased the difficulty to form granule. In this case, the content of attapulgite should be maintained between 0.25% and 2%, and the concentration of sodium alginate was controlled at 2.5%À4%.
The optimal relative activity of the microorganisms was achieved when the concentration of calcium carbonate was ranged between 3% and 7% (Figure 1) . Moreover, when the concentration of calcium chloride was higher than 4%, the relative activity of the microorganisms declined due to the dehydration of the cells. In our study, the optimal concentration of calcium chloride was ranged between 3% and 7%.
Immobilized cells have higher activity, higher cell density and longer stability than free cells. Hence, the immobilized cells have the potential to degrade toxic chemicals at higher concentration as compared to the freely suspended cells. Meanwhile, an effective and safe carrier for soil-applied microorganisms should be nontoxic and non-polluting, consistent in quality, have a long shelf life, allow sufficient cell activity and cell density and permit accurate release of bacteria into the target site. [19, 20] In general, non-toxic natural polymers are recommended for use in soil. Synthetic polymers, for example polyacrylamide, must be handled carefully due to the toxicity of the pre-polymer, and the stability of the polyacrylamide beads in soil. Therefore, they may not be environmentally acceptable. [21] Among gel carriers, polyvinyl alcohol cryogels (PVA) are promising matrices for whole cell immobilization. PVA itself is a biologically compatible, non-toxic, readily available low-cost polymer. [22] For example, the hydrophobized PVA cryogel granules (granule volume 5 ml) contained a sufficient number (6.5 £ 10
3 ) of viable bacterial cells per granule, all located at the border in waterÀhydrocarbon systems and allowed high contact of immobilized biocatalyst cells with a hydrophobic substrate and the water phase, providing bacterial cells with mineral and organic nutrients. [23] For diesel-contaminated soil, a ratio of 25 mL PVA (20% w/v) to 15 mL re-suspended cells produced a gel that had the necessary consistency. This represented a final PVA concentration of 12.5%. The advantage of co-immobilization when PVA is used to encapsulate bacteria is that the absorbent has better contact with the oil, which leads to higher oil content in the vicinity of the hydrophilic but macroporous matrix. [24] However, the procedure for cell immobilization within PVA is not a simple process compared to that used for the entrapment of biomass into alginate or carrageenan matrices since it is required to freeze and thaw the cells suspended in PVA solution. Sometimes poor results with cryo-PVAG carriers can be obtained particularly if the nature of the PVA cryotropic gelation processes and its accompanying effects are not well understood. [22] According to Becerra et al., [25] b-galactosidase activity per unit of cell biomass was higher in alginate immobilized than in free-growing cells in the same medium. Similarly, as for Pseudomonas fluorescens, cells encapsulated in dried beads or fresh beads survived better than free cells when added to soil. Cells in moist and dried alginate beads also survived a dry/wet cycle in soil, whereas free cells were sensitive to moisture fluctuations. [26] In this case, alginate was a safe and effective material for introducing bacteria into the soil. The carrier was biodegradable, non-toxic and could protect the cells from stress. [27] Moreover, the procedure of immobilizing free cells with sodium alginateÀattapulgite was simple compared to that with PVA gel.
Laboratory immobilization parameters of Pseudomonas sp. DG17
The relative activity declined when the bath temperature was higher than 70 C (Table 4) . Meanwhile, it was found that the viscosity of sodium alginateÀattapulgite gelatin was high which increased the difficulty to form granules when the temperature was lower than 30 C. Thus, during the immobilization process, the bath temperature ranged from 50 to 60 C. Suspended cell amount could also influence the activity of immobilized cells. In our study, when the concentration of initial embedding cells was higher than 2%, the activity of immobilized cells did not increase. Thus, concentration of the initial cells to be embedded was controlled at 2%.
As for the sodium alginateÀattapulgiteÀcalcium carbonate system, reaction time could also influence the activity of immobilized cells. The mechanical strength of immobilized granules was not enough to support the use of immobilized cells when the reaction time was 6 h. Meanwhile, it was found that the activity of cells declined when the reaction time was longer than 18 h. In this case, the optimal reaction time was controlled at 18 h. On the other hand, it was found that the activity of immobilized cells increased along with the multiplication time. However, in the experiment, the activity of sodium alginateÀ attapulgiteÀcalcium carbonate immobilized cells declined when the multiplication time was longer than 60 h. Thus, in our study, the multiplication time was controlled at 48 h.
In the research of Wiesel et al., [28] the biodegradability of cells with immobilization material composed of granular clay and slag of lava were studied. It was found that immobilized mixed bacterial culture could completely biodegrade phenol, naphthalene and phenanthrene after incubation for 1, 2 and 15 days, respectively. Furthermore, the immobilized cells showed stable growth and, compared to freely suspended cells, the same degradation sequence as well as an equivalent degradation potential. As for Mycoplana sp. MVMB2, the maximum immobilization capacity at various physiochemical conditions for the alkali pre-treated papaya stem was found to be at 320 min time, pH 6.5, 30
C temperature and 18.6 £ 10 6 cells/mL initial concentrations. The performance of immobilized cells in batch reactor showed more than 95% phenanthrene degradation within 72 h, whereas free cells were found to require 120 h. [5] Structure observation of immobilized cells granule
The morphology of sodium alginate immobilized granule, sodium alginateÀattapulgite immobilized granule and sodium alginateÀattapulgiteÀcalcium carbonate immobilized granule is shown in Figures 2 and 3 . Compared with the sodium alginate immobilized granule, it was found that adding attapulgite could change the roughness of the granule, which could increase the contact area with crude oil that adsorbed on the soil particles. Meanwhile, the surface of the sodium alginateÀattapulgiteÀcalcium carbonate immobilized granule became uneven when adding calcium carbonate which was the optimal carrier for immobilized DG17 cells. Ghe inside of sodium alginateÀattapulgiteÀcalcium carbonate immobilized granules has a honey comb texture, and many pore paths exist which was in favour of the free transfer of substrate and nutrients (Figure 4(C) ).
Figure 4(A) shows the internal structure of sodium alginateÀattapulgiteÀcalcium carbonate immobilized granule with no cells imbedded. The fibre structure is caused by the attapulgite which supported the total skeleton of the granule. Figure 4(B) showed the alveoli-like structure of the granule and the pore paths, which indicated that adding calcium carbonate could provide the mass transfer to support the growth of immobilized cells. Figure 4 (C) showed the internal structure of sodium alginateÀattapulgiteÀcalcium carbonate immobilized granule that embedded DG17 cells and displayed the distribution of cells on the carrier. Plate counting result showed that 1 mL of carrier embedded 10 8 À10 13 of DG17.
Biodegradation of crude oil by immobilized cells of Pseudomonas sp. DG17
After incubation for 20 days, the biodegradability of low, medium and high concentration of crude oil by sodium alginateÀattapulgiteÀcalcium carbonate immobilized cells of DG17 was 33.56% § 3.84%, 56.82% § 3.26% and 48.13% § 3.55%, respectively ( Figure 5(A) ). Meanwhile, the biodegradability of low-and medium-concentrated crude oil by sodium alginateÀattapulgite immobilized cells was lower than that by sodium alginateÀ attapulgiteÀcalcium carbonate immobilized cells which indicated that adding calcium carbonate could improve the activity of cells and accelerate the biodegradation of crude oil in the soil. The sodium alginateÀattapulgiteÀcalcium carbonate carrier had a strong resistance to environment factors. When the initial cell amount was controlled at 5% or 10%, the biodegradability of medium-and highconcentrated crude oil by sodium alginateÀattapulgite immobilized cells was lower than that by sodium alginateÀ attapulgiteÀcalcium carbonate immobilized cells ( Figure 5 (B)). While the biodegradability of crude oil increased along with the ratio between water and soil, the biodegradability of crude oil by sodium alginateÀattapulgite immobilized cells was lower than that by sodium alginateÀ attapulgiteÀcalcium carbonate immobilized cells. When the ratio between water and soil was 3:1, the biodegradability of crude oil by sodium alginateÀattapulgite immobilized cells and sodium alginateÀattapulgiteÀcalcium carbonate immobilized cells was 60.41% § 3.61% and 50.66% § 2.84%, respectively. Similarly, as for immobilized microorganisms which were supplemented in the aquifer sandy soil, [29] the biodegradability of n-alkanes by clay-immobilized cells was greatly improved, and the contents of residue C 12 ÀC 18 alkanes were 13.4%À32.3% of the initial alkanes. Studies have shown that free cells of Arthrobacter citreus could biodegrade 22 mmol L ¡1 of phenol. However, alginateand agar-immobilized cells could biodegrade higher concentrations of phenol. [30] When vermiculite was used as immobilized carrier, 95.3% of benzo[a]pyrene was degraded using the co-immobilized system within 42 days, which was remarkably higher than the removal rate of that by the free strains. The immobilized consortium also showed better water stability than the free strains. [31] For the Pseudomonas sp. strain, the alginate and polyacrylamide hydrazide immobilized cells were able to degrade phenol at initial concentrations up to 2 g L ¡1 in less than two days, although the free cells did not grow at this concentration. [32] On the other hand, a different immobilization material may have a different effect on the same microorganisms when used for biodegradation of hydrocarbons. For instance, more efficient degradation of naphthalene could be achieved by immobilizing cells in polyurethane foam, rather than in alginate or agar. [33] Moreover, 3% of skim milk or 3% of skim milk and 3% amargosite immobilized microorganisms could biodegrade pollutants well. [34] Similarly, as for the immobilized strain Rhodococcus coryne bacterioides, the inoculants formulated with chitin yielded the highest number of cell survival at 4 C during six months of storage and showed a higher degrading activity of crude oil, compared with the inoculants formulated with chitin and chitosan as carrier materials. [35] Moreover, nutrients are imported during the biodegradation process. According to Alvarez et al., [36] nutrient addition in silica matrices was studied indicating that the presence of a carbon source without the simultaneous addition of nitrogen was detrimental for immobilized Escherichia coli. However, when both carbon and nitrogen sources were present, bacteria were able to survive for longer periods of time. Furthermore, the activity of immobilized cells can be maintained and reused throughout different degradation processes. Thus, the removal efficiency of pollutant was enhanced a lot. [37] The immobilization of strain Pseudomonas sp. DG17 has a functional prospective in the crude oil polluted soil treatment.
Conclusion
In our study, the immobilized carrier proportions of sodium alginateÀattapulgiteÀcalcium carbonate were: sodiumalginate 2.5%À3.5%, attapulgite 0.5%À1%, calcium carbonate 3%À7% and calcium chloride 2%À4%. Results of studying the influence of different parameters on the succinodehydrogenase activity of immobilized cells of Pseudomonas sp. DG17 during the immobilization process showed that the optimal parameters were as follows: bath temperature 50À60 C, embedding cell amount 2%, reaction time 18 h and multiplication time 48 h. Under different initial crude oil concentrations, cell amounts and ratios between water and soil, the biodegradability of crude oil in the soil by sodium alginateÀ attapulgiteÀcalcium carbonate immobilized cells of DG17 was higher than that by sodium alginateÀ attapulgite immobilized cells. According to the SEM results, the inside of sodium alginateÀattapulgiteÀ calcium carbonate immobilized granules has a honey comb texture and many pore paths exist which is helpful to the transfer of substrate and nutrients, thus improved the biodegradation of crude oil in the soil. 
